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(57) ABSTRACT

A novel scanning method of a mass spectrometer apparatus is
introduced so as to relate by simple time shifts, rather than
time dilations, the component signal (“peak”) from each ion
even to an arbitrary reference signal produced by a desired
homogeneous population of ions. Such a method and system,
as introduced herein, is enabled in a novel fashion by scan-
ning exponentially the RF and DC voltages on a quadrupole
mass filter versus time while maintaining the RF and DC in
constant proportion to each other. In such a novel mode of
operation, ion intensity as a function of time is the convolu-
tion of a fixed peak shape response with the underlying (un-
known) distribution of discrete mass-to-charge ratios (mass
spectrum). As a result, the mass distribution can be recon-
structed by deconvolution, producing a mass spectrum with
enhanced sensitivity and mass resolving power.

8 Claims, 3 Drawing Sheets
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EXPONENTIAL SCAN MODE FOR
QUADRUPOLE MASS SPECTROMETERS TO
GENERATE SUPER-RESOLVED MASS
SPECTRA

CROSS-REFERENCE TO RELATED
APPLICATIONS

The present application is a continuation under 35 U.S.C.
§120 and claims the priority benefit of co-pending U.S. patent
application Ser. No. 14/014,844, filed Aug. 30, 2013, which
claims the priority benefit of U.S. Provisional Patent Appli-
cation Ser. No. 61/732,110, filed Nov. 30, 2012. The disclo-
sures of each of the foregoing applications are incorporated
herein by reference.

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention relates to the field of mass spectrom-
etry. More particularly, the present invention relates to a mass
spectrometer system and method that provides for an
improved mode of operation of a quadrupole mass spectrom-
eter that includes scanning the RF and DC applied fields
exponentially versus time while maintaining the RF and DC
in constant proportion to each other. In this novel mode of
operation, ion intensity as a function of time is the convolu-
tion of a fixed peak shape response with the underlying (un-
known) distribution of discrete mass-to-charge ratios (mass
spectrum). As a result, the mass distribution can be recon-
structed by deconvolution, producing a mass spectrum with
enhanced sensitivity and mass resolving power.

2. Discussion of the Related Art

Quadrupoles are conventionally described as low-resolu-
tion instruments. The theory and operation of conventional
quadrupole mass spectrometers is described in numerous text
books (e.g., Dawson P. H. (1976), Quadrupole Mass Spec-
trometry and Its Applications, Fisevier, Amsterdam), and in
numerous Patents, such as, U.S. Pat. No. 2,939,952, entitled
“Apparatus For Separating Charged Particles Of Different
Specific Charges,” to Paul et al, filed Dec. 21, 1954, issued
Jun. 7, 1960.

As a mass filter, such instruments operate by setting stabil-
ity limits via applied RF and DC potentials that are capable of
being linearly ramped as a function of time such that ions with
a specific range of mass-to-charge ratios have stable trajec-
tories throughout the device. In particular, by applying fixed
and/or ramped AC and DC voltages to configured cylindrical
but more often hyperbolic electrode rod pairs in a manner
known to those skilled in the art, desired electrical fields are
set-up to stabilize the motion of predetermined ions in the x
and y directions. As a result, the applied electrical field in the
x-axis stabilizes the trajectory of heavier ions, whereas the
lighter ions have unstable trajectories. By contrast, the elec-
trical field in the y-axis stabilizes the trajectories of lighter
ions, whereas the heavier ions have unstable trajectories. In
combination, the electrical field in both axes determines the
band pass mass filtering action of a particular quadrupole
mass filter to extract desired mass data. Upon detection of
such data, a deconvolution software algorithm(s) is often
utilized to filter the resultant quadrupole mass spectral data in
order to improve the mass resolution.

Typically, quadrupole mass spectrometry systems employ
a single detector to record the arrival of ions at the exit cross
section of the quadrupole rod set as a function of time. By
varying the mass stability limits monotonically in time, the
mass-to-charge ratio of an ion can be (approximately) deter-
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mined from its arrival time at the detector. In a conventional
quadrupole mass spectrometer, the uncertainty in estimating
of the mass-to-charge ratio from its arrival time corresponds
to the width between the mass stability limits. This uncer-
tainty can be reduced by narrowing the mass stability limits,
i.e. operating the quadrupole as a narrow-band filter. In this
mode, the mass resolving power of the quadrupole is
enhanced as ions outside the narrow band of “stable” masses
crash into the rods rather than passing through to the detector.
However, the improved mass resolving power comes at the
expense of sensitivity. In particular, when the stability limits
are narrow, even “stable” masses are only marginally stable,
and thus, only a relatively small fraction of these reach the
detector.

Background information on a system that is directed to
addressing the improvement of the resolving power of a qua-
drupole mass filter while simultaneously increasing the sen-
sitivity is described in U.S. Ser. No. 12/716,138 entitled: “A
QUADRUPOLE MASS SPECTROMETER WITH
ENHANCED SENSITIVITY AND MASS RESOLVING
POWER,” to Schoen et al, the disclosure of which is hereby
incorporated by reference in its entirety.

In general, the system as disclosed in U.S. Ser. No. 12/716,
138 utilizes a detection scheme and method of processing the
data (a stream of images, i.e., Qstream™) after acquisition to
resultin a desired high sensitivity and high resolution spectra.
The principal idea behind the embodiments described in U.S.
Ser. No. 12/716,138 is that one can measure a set of images
produced by any one homogeneous population ofions to form
a “reference signal”. Then, in a mixture of arbitrary ions, one
can write the observed signals as the superposition of indi-
vidual components, which are scaled versions of the mea-
sured reference signal. The scaling is vertical, to address
abundance differences and horizontal, to address difference
in mass-to-charge ratios. When the mass range and mass
stability limits are a small fraction of the ion mass, the dilation
of' the reference signal can be approximated by a shift. In the
case where component signals are shifted replicates of the
reference signal, the observed data can be modeled as the
convolution between a mass spectrum (comprising of scaled
impulses at discrete mass positions) and the reference signal.
In this special case, the mass spectrum can be reconstructed
by rapid deconvolution. When the component signals are, in
fact, related by dilation rather than shift, deconvolution pro-
vides an approximate solution, whose accuracy reflects the
extent to which replacing time-dilations with time-shifts is
valid. Because the accuracy of the approximation decreases
with the width of the mass stability limit, relatively narrow
limits are required, limiting ion duty cycle and therefore
sensitivity. Because the accuracy of the approximation
decreases with the width of the mass range linked to a given
reference signal, it is necessary to employ multiple reference
signals that would, ideally, be separated at regular mass inter-
vals. Acquired data covering a large mass range could be
partitioned into small “chunks” centered around a reference
signal. For sufficiently small chunks, the application of
deconvolution would provide an accurate result for each
chunk. The mass spectrum could be “stitched” together from
the analysis of the chunks. This “chunking” mode of opera-
tion involves additional complexity in calibration and analy-
sis, and gives only a moderately accurate, but suboptimal,
result.

Accordingly, there is a need in the field of mass spectros-
copy to provide a system and method that can acquire data
which is the convolution of the desired mass spectrum with a
fixed response function (i.e., reference signal). That is, the
component signals from distinct ion populations that are
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related to an acquired reference signal by simple time shifts,
rather than time dilations. Such embodiments, as introduced
herein, are enabled in a novel fashion by scanning the RF and
DC on a quadrupole mass filter exponentially versus time and
with a constant RF/DC proportion. The result provides high
mass resolving power at high sensitivity spectra that is clearly
distinguished from that produced by conventional quadru-
pole mass spectrometry methods and systems.

SUMMARY OF THE INVENTION

A first aspect of the present invention is directed to a mass
spectrometer instrument that includes the following compo-
nents: 1) a quadrupole configured so that exponentially
ramped oscillatory (RF) and direct current (DC) voltages can
be applied to the set of electrodes of the device, wherein the
(RF) and (DC) voltages are applied exponentially versus time
and maintained in constant proportion to each other during
the progression of ramping thus enabling the quadrupole to
selectively transmit to its distal end an abundance of ions
within a range of mass-to-charge values (m/z’s) determined
by the amplitudes of the applied voltages; 2) a detector con-
figured adjacent to the distal end of the quadrupole to acquire
a series of the abundance of ions during the progression of the
applied exponential ramped oscillatory and direct current
(DC) voltages; and 3) a processor coupled to the detector and
configured to subject the acquired series of the abundance of
ions to deconvolution as a function of the applied exponential
RF and/or DC fields so as to provide a mass spectrum.

Another aspect of the present invention provides for a
deconvolution mass spectrometry method that includes: mea-
suring by way of a quadrupole, a reference signal represen-
tative of a measured or expected time distribution and/or time
and spatial distribution of a single ion species while time-
varying RF and DC voltages are applied to the quadrupole;
applying an exponentially ramped oscillatory (RF) voltage
and an exponentially ramped direct current (DC) voltage to
the quadrupole, wherein said RF and DC voltages are main-
tained in constant proportion to each during the progression
of ramping so as to selectively transmit to the distal end of the
quadrupole an abundance of ions to be measured within a
range of mass-to-charge values (m/z’s) determined by the
amplitudes of the applied RF and DC voltages; acquiring
temporal or both temporal and spatial measurements of the
abundance of ions from the distal end of the quadrupole;
reconstructing a mass spectrum by deconvolving the refer-
ence signal from the acquired ion measurements, thus pro-
viding estimates of ion abundance at regular time intervals;
transforming the time points where estimates were provided
into mass-to-charge ratios, thereby forming a (sampled) mass
spectrum; and reconstructing a list of distinct m/z values and
estimated intensities from the deconvolved mass spectrum.

Accordingly, the present invention provides for a novel RF
and/or DC exponential ramped method of operation and cor-
responding apparatus/system that enables a user to acquire
comprehensive mass data with a time resolution on the order
of'about an RF cycle by computing the distribution of the ion
density as a function of time and/or as a function of time and
position in the cross section at a quadrupole exit. Applications
include, but are not strictly limited to: petroleum analysis,
drug analysis, phosphopeptide analysis, DNA and protein
sequencing, etc. that hereinbefore were not capable of being
interrogated with quadrupole systems. The method of opera-
tion described herein enhances the performance of the mass
spectrometer with very little additional hardware cost or com-
plexity. Alternatively, one could relax requirements on the
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4

manufacturing tolerances to reduce overall cost while
improving robustness and maintaining system performance.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 shows the Mathieu stability diagram with a scan line
representing narrower mass stability limits and a “reduced”
scan line, in which the DC/RF ratio has been reduced to
provide wider mass stability limits and enhanced ion trans-
mission.

FIG. 2 shows a beneficial example configuration of a triple
stage mass spectrometer system that can be operated with the
methods of the present invention.

FIG. 3A shows exponential scanning of the applied RF
voltage amplitude as a function of mass.

FIG. 3B shows exponential scanning of the applied RF
voltage amplitude as a function of time.

DETAILED DESCRIPTION

In the description of the invention herein, it is understood
that a word appearing in the singular encompasses its plural
counterpart, and a word appearing in the plural encompasses
its singular counterpart, unless implicitly or explicitly under-
stood or stated otherwise. Furthermore, it is understood that
for any given component or embodiment described herein,
any of the possible candidates or alternatives listed for that
component may generally be used individually or in combi-
nation with one another, unless implicitly or explicitly under-
stood or stated otherwise. Moreover, it is to be appreciated
that the figures, as shown herein, are not necessarily drawn to
scale, wherein some of the elements may be drawn merely for
clarity of the invention. Also, reference numerals may be
repeated among the various figures to show corresponding or
analogous elements. Additionally, it will be understood that
any list of such candidates or alternatives is merely illustra-
tive, not limiting, unless implicitly or explicitly understood or
stated otherwise. In addition, unless otherwise indicated,
numbers expressing quantities of ingredients, constituents,
reaction conditions and so forth used in the specification and
claims are to be understood as being modified by the term
“about”

Accordingly, unless indicated to the contrary, the numeri-
cal parameters set forth in the specification and attached
claims are approximations that may vary depending upon the
desired properties sought to be obtained by the subject matter
presented herein. At the very least, and not as an attempt to
limit the application of the doctrine of equivalents to the scope
of the claims, each numerical parameter should at least be
construed in light of the number of reported significant digits
and by applying ordinary rounding techniques. Notwith-
standing that the numerical ranges and parameters setting
forth the broad scope of the subject matter presented herein
are approximations, the numerical values set forth in the
specific examples are reported as precisely as possible. Any
numerical values, however, inherently contain certain errors
necessarily resulting from the standard deviation found in
their respective testing measurements.

GENERAL DESCRIPTION

Conventional wisdom states that a quadrupole mass spec-
trometer is desirably scanned linearly (i.e. RF amplitude is a
linear function of time), while magnetic sector instruments
are often scanned exponentially. In the present application,
exponential scanning of the RF and DC fields as function of
time is claimed as a beneficial mode of operation for quadru-
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pole-based mass spectrometers, such as, but not limited to,
conventional quadrupole mass filters, quadrupole ion traps,
and QStream™, an ion-imaging, super-resolving quadrupole
mass spectrometer currently in development, as similarly
described in aforementioned Application U.S. Ser. No.
12/716,138 entitled: “A QUADRUPOLE MASS SPEC-
TROMETER WITH ENHANCED SENSITIVITY AND
MASS RESOLVING POWER,” the disclosure of which is
hereby incorporated by reference in its entirety.

As known to those skilled in the art, the Mathieu equation
describes the motion of ions and thus operation of quadru-
pole-based mass spectrometers. The solution of the Mathieu
equation states that the trajectory of an ion in a quadrupole is
determined by the unitless Mathieu a and q parameters, the
initial RF phase of the ion as it enters the quadrupole, and the
initial position and velocity of the ion. Such solutions are
often classified as bounded and non-bounded. Bounded solu-
tions correspond to trajectories that never leave a cylinder of
finite radius. Typically, bounded solutions are equated with
trajectories that carry the ion along the length of the quadru-
pole to the detector. Because the field is generated by rods
with finite length and finite transaxial separation, theoretical
stability and actual transmission of ions are not precisely
related. For example, some ions with bounded trajectories hit
the rods rather than passing through to the detector, i.e., the
bound radius exceeds the radius of the quadrupole orifice.
Conversely, some ions with marginally unbounded trajecto-
ries pass through the quadrupole to the detector, i.e., the ion
reaches the detector before its trajectory has a chance to
expand radially out to infinity.

Ifm/z denotes the ion’s mass-to-charge ratio, U denotes the
DC offset, and V denotes the RF amplitude, then the Mathieu
parameter a is proportional to U/(m/z) and the Mathieu
parameter q is proportional to V/(m/z). The plane of (q, a)
values can be partitioned into contiguous regions correspond-
ing to bounded solutions and unbounded solutions. The
depiction of the bounded and unbounded regions in the g-a
plane is called a stability diagram. The region containing
bounded solutions of the Mathieu equation is called a stability
region. A stability region is formed by the intersection of two
regions, corresponding to regions where the x- and y-compo-
nents of the trajectory are stable respectively. There are mul-
tiple stability regions, but conventional instruments involve
the principal stability region. The principal stability region
has a vertex at the origin of the g-a plane. Its boundary rises
monotonically to an apex at a point with approximate coor-
dinates (0.706, 0.237) and falls monotonically to form a third
vertex on the a-axis at q approximately 0.908. By convention,
only the positive quadrant of the g-a plane is considered. In
this quadrant, the stability region resembles a triangle whose
base is the (horizontal) g-axis.

FIG. 1 shows such an example Mathieu quadrupole stabil-
ity diagram for ions of a particular mass/charge ratio. For an
ion to pass, it must be stable in both the X and Y dimensions
simultaneously. When the quadrupole is operated as a mass
filter, the values of U and V are fixed. The values of U and V
can be desirably chosen to place a selected mass m,, close to
the apex of in the diagram so that substantially only ions of
mass m, can be transmitted and detected. In this case, the
mass resolving power of the quadrupole filter is high, but at
the expense of low transmission. For fixed values of U and V,
ions with different m/z values map onto a line in the stability
diagram passing through the origin and a second point (q*,a*)
(denoted by the reference character 2). The set of values,
called the operating line, as denoted by the reference charac-
ter 1 shown in FIG. 1, can be denoted by {(kq*, ka*): k>0),
with k inversely proportional to m/z. The slope of the line is
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equal to the 2U/V. When U and V start at zero and increase as
a function of time while maintaining a constant U/V ratio, the
same operating line described above also describes the set of
(g,a) values traversed by each ion over time. When the RF and
DC voltages are ramped linearly as a function of time, the
U/V ratio remains constant, (“scanned” as stated above) and
each ion moving along the operating line at a rate that is
constant over time and inversely proportional to the ion’s
mass-to-charge ratio m/z.

Therefore, the instrument, using the stability diagram as a
guide can be “parked”, i.e., operated with a fixed U and V to
target a particular ion of interest, (e.g., at the apex of FIG. 1 as
denoted by m,,) or “scanned”, increasing both U and V ampli-
tude monotonically to bring the entire range of m/z values
into the stability region at successive time intervals, from low
m/z to high m/z.

To provide increased sensitivity by increasing the abun-
dance of'ions reaching the detector, a scan line 1', as shown in
FIG. 1, can be reconfigured with a reduced slope, as bounded
by the regions 6 and 8. Because a longer segment of operating
line 1' lies within the stability region, a wider range of mass
values are admitted by the quadrupole filter, resulting in
reducing mass resolving power. In addition, moving away
from the apex increases ion transmission by increasing the
fraction of ““stable” ions that actually reach the detector. When
the quadrupole is scanned, carrying ions along operating line
1', observed peaks in the mass spectrum are not only taller
because of the increased transmission described above, but
also wider because each ion spends a longer fraction of time
inside the stability region. Note that increase in the total
number of ions that reach the detector when the operating line
is moved from 1 to 1' is increased by the multiplicative prod-
uct of the increased transmission and the increased time each
ion spends inside the stability region.

When U and V are strictly linear functions as of time, the
time that an ion spends inside the stability region is directly
proportional to its mass-to-charge ratio (m/z). This results in
mass spectral peaks whose widths are also directly propor-
tional to m/z. Because the ratio of peak width to m/z is
constant, we refer to this as constant resolving power mode.
Because the operating line is invariant, the fine structure of
each mass spectral peak is also invariant after a time dilation.
The time dilation accounts for the varying speeds at which the
ions traverse the same operating line. For example, a peak at
m/z can be superimposed upon a peak at 2 m/z after dilating
the mass axis by a factor of two. In conventional practice,
however, the RF and DC voltages are applied to deliver con-
stant peak widths, rather than constant resolving power. It is
possible to choose an affine function of U, i.e. linear in time
plus a constant offset. and a function of V that varies strictly
linearly in time that delivers the desired constant peak widths.
The constant offset of U has the effect of making the slope of
the operating line 2U/V vary continuously with time. As a
result, although the peak width is constant, two peaks at
different m/z are not superimposable. The fine structure of
any peak will be unique as it has traversed a unique path
through the stability region.

In the methods described in U.S. Ser. No. 12/716,138, i.e.,
QStream™, a sequence of ion images are acquired, in which
each signal from distinct ion component can be related to a
common reference signal. This property is achieved by the
constant resolving power mode of operation, in which the
ratio of U/V is held constant. Suppose that an ion of mass-to-
charge ratio m is placed at position (q,a) within the stability
region at time t by the constant resolving power mode of
operation. Then, an ion of mass-to-charge ratio km will be
placed at the identical position (q,a) at time kt. Not only is ion
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m stable at time t and ion km stable at time kt, but in fact, the
position that they exit the quadrupole rods spatially are also
the same, assuming that they enter the quadrupole rods with
the same initial conditions, i.e., axial speed, transaxial veloc-
ity, transaxial displacement, and with the same RF phase.
Because this property is satisfied by statistical ensembles of
ions, the images captured by, for example, an arrayed detec-
tor, as formed by ions of various masses are related by simple
time dilations. That is, the set of images produced by ions of
mass-to-charge ratio m is the same as the set of images pro-
duced by ions of mass-to-charge ratio km after the time axis
of the first is stretched by a factor of k.

Thus, the important principle generally described in U.S.
Ser.No. 12/716,138 is that it is beneficial to first measure a set
of images produced by any one homogeneous population of
ions to form a “reference signal”. Then, in a mixture of
arbitrary ions, the observed signals can be written as the
superposition of individual components, which are scaled
versions of the measured reference signal. The scaling is
vertical, to address abundance differences and horizontal, to
address difference in mass-to-charge ratios.

It was immediately recognized that if the various compo-
nent signals are related to the arbitrary reference signal by
time shifts, rather than time dilations, that the acquired data
could be interpreted as the convolution of the reference signal
with the underlying distribution of mass-to-charge ratios (i.e.
mass spectrum). Therefore, the underlying mass spectrum
could be reconstructed by deconvolution. Deconvolution is
simple, fast, and elegant, and thus desirable. However, initial
experiments, first in simulation and subsequently, on a pro-
totype instrument, did not provide a mode of operation that
enabled the desired time shift property over certain mass
ranges. To compensate for this and yet provide useful results
via the methodology described above, the RF and DC neces-
sitated linear scanning but only over small mass ranges and
relatively narrow stability limits. As an example, one might
scan from masses 500-520. In such a mode of operation, k
ranges from 0.98 to 1.02 relative to a reference signal at mass
510. Using such narrow scan ranges, the dilation of the mass
axis can be essentially ignored and the relationships between
the observed component signals (from different ions in a
mixture) can be approximated as (pure) time shifts.

While such a “linear scanning” mode of operation provides
increased mass resolving power and simultaneous increased
sensitivity, it is limited in operation because it reduces the
accuracy of the deconvolution result and forces the data to be
“stitched” together out of small chunks to form a complete
mass spectrum. Moreover, in such a “stitched” together mode
of'operation, multiple reference signals often need to be mea-
sured at intervals across the mass range so that each chunk
contains only small dilations of the time/mass axis. Fortu-
nately, there is a novel alternative solution, which is the sub-
jectof the current patent application, as disclosed hereinafter.

Specific Description

The present invention, by contradistinction, provides a
desired beneficial property of generating component signals
that are related by time shifts, without time dilation over any
mass range, via the utilization of a scan function of a quadru-
pole instrument that is exponential in time rather than linear.
In this novel approach, U(m/z) and V(m/z) in contrast to the
illustrative example above for a common mode of operation,
is generally set to, for example, U=cl exp(s*t), and V=c2
exp(s*t), with s being a constant that describes the ratio of the
speed at which any ion passes through a given value of q and
a.
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To illustrate this novel arrangement of exponential scan-
ning of a quadrupole instrument, suppose, as before, that an
ion of mass-to-charge ratio m is placed at Mathieu coordi-
nates (q*,a*) at time t. An ion of mass-to-charge ratio ofkm is
thus placed at (q*,a*) at time t+At, where exp(sAt)=k, or
equivalently At=log(k)/s. a key aspect to be noted from the
foregoing equations is that the time shift is independent of the
Mathieu coordinates q and a. Thus, the signal from an ion of
arbitrary mass is carried by a time shift onto the reference
signal. Such a time shift simply depends upon the ratio of the
ion’s m/z values and the scan rate. To form a mass spectrum
from a collection of images, mathematical deconvolution is
thereafter performed in the time domain and then the values
on the time axis are transformed to m/z values by exponen-
tiation.

An important aspect of this mode of operation to be appre-
ciated is that the deconvolution process yields super-resolu-
tion. i.e., the ability to discriminate ion masses that are less
than the width of the mass stability limits and without the
cumbersome task of “stitching” together chunks of data to
form the acquired mass spectrum as necessitated in U.S. Ser.
No. 12/716,138. For example, the mass resolving power on a
typical quadrupole is defined as m/Am, where Am is the width
of'the mass stability limits. In theory, high resolving power in
a quadrupole can be acquired by narrowing the mass stability
limits, as somewhat described above. However, what is not
described above is that in practice, narrowing the mass sta-
bility limits causes a precipitous drop in ion intensity due to
non-ideality in the quadrupole field, the finite size of the
orifice formed by the rods, and dispersion in the ion’s initial
conditions entering the quadrupole. Thus, a quadrupole mass
spectrometer is typically operating at unit resolution, or a
mass resolving power ranging from several hundred to one or
two thousand.

However, by virtue of exponential scanning of the RF and
DC applied voltages as an improvement to that described in
U.S. Ser. No. 12/716,138, ions can be distinguished whose
difference in mass is much smaller than the mass stability
limits by virtue of their differing positions in the quadrupole’s
exit plane as a function of time. The stability limits can be set
quite wide, e.g., 10 Da or greater, so that the ion intensity is
substantially higher, than even at unit resolution. In a scan-
ning mode, the wide stability limits also lead to proportion-
ately longer “dwell times”, the interval of time in which the
ion is stable and thus detected.

As a result, mass resolving power in the tens of thousands
as an aforementioned improvement to that described in U.S.
Ser.No. 12/716,138 and deemed QStream™, can be achieved
far in excess of what is typical for a quadrupole mass spec-
trometer when it is operated in the conventional mode with a
single detector. Specifically, by using wide mass stability
limits of about 1 up to about 300 Daltons or greater, high mass
resolving power is achieved without sacrificing sensitivity.

Interestingly and somewhat surprisingly, the resultantly
beneficial properties of exponential scanning of RF and DC
applied voltages to the sets of electrodes in a quadrupole are
not limited to QStream™, where ion images are acquired
often using arrayed detection schemes, but extend also, when
coupled to the other aspects disclosed herein, to exponential
scanning of conventional quadrupole mass filters and even
quadrupole ion traps. For example, a conventional quadru-
pole mass filter can be thought of as the case of an array of N
detectors where N=1. A reference signal can be obtained
which is simply a single intensity versus time. Mathematical
deconvolution can be performed using the same equations as
described herein.
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It is to be appreciated by those skilled in the art that decon-
volution-based approaches cannot be used to extract super-
resolution information from data that is collected on quadru-
pole mass filter operated in the conventional mode of
operation. As discussed previously, in the conventional mode,
the RF and DC are scanned linearly in time. The limitations of
linear scanning are addressed above. In addition, the RF and
DC are not maintained in constant proportion.

To further understand the problem, conventional quadru-
pole mass spectrometers are operated to deliver mass spectra
whose peaks have the same width (e.g. 0.7 Da) across the
entire mass spectrum. If the mass spectrometer is operated
with a constant RF/DC ratio, the peak width varies linearly
with mass. For example, if an ion of mass-to-charge ratio mis
stable at times ranging from t*-At to t*+At, then an ion of
mass-to-charge ratio km is stable at times ranging from k(t*-
At) to k(t*+At), and thus the second peak is k times wider than
the first. It is important to note that the resolving power in this
case is constant, i.e., Resolving Power (m/Am)=(km)/(kAm).

To deliver constant peak widths rather than constant
resolving power, a small DC offset is applied conventionally
during the scan with the effect of monotonically increasing
the RF/DC ratio. This type of arrangement keeps the mass
stability limits constant, counteracting the dilation of the peak
that can otherwise occur.

The overall result is that a conventional mode of operation
precludes the use of a deconvolution-based method to gener-
ate super-resolution mass spectra. The DC offset applied in
conventional quadrupole mass spectrometry causes different
ions to traverse different paths through the stability diagram.
As disclosed in U.S. Ser. No. 12/716,138, although different
ions have peaks of similar widths, the motions of the ions are
completely different and cannot be superimposed by a shift,
dilation, or any other transformation of the time axis if one is
using conventional techniques. Even with a single detector,
the peaks might appear qualitatively similar (i.e., somewhat
square-shaped with same peak width), wherein the fine struc-
ture in the intensity profile can no longer superimpose.

In contrast, by scanning the RF and DC on a quadrupole
mass filter exponentially versus time and with a constant
RF/DC ratio as indicated by the equations described above,
U=cl exp(s*t) and V=c2 exp(s*t), data can be acquired in
which the component signal (“peak”) from each ion is related
to a reference signal by a simple time shift. This beneficial
property allows super-resolution mass spectra to be generated
by mathematical deconvolution. Such spectra, using the
novel approach disclosed herein, are distinguished from con-
ventional quadrupole mass spectrometry by a resultant high
mass resolving power at high sensitivity.

As a method of operation in addition to, but not limited to
exponential scanning, the present application often also
requires: 1) calibrating a constructed instrument that controls
applied voltages (i.e., the RES_DAC) so that the scan line
passes through the origin, 2) collecting a reference peak for
deconvolution, 3) applying the deconvolution to the raw data,
and then 4) transforming to a (linear) mass axis.

The relation dq/dt=s*q, provided by exponential scanning
can also be implemented in the operation of an ion trap, as
briefly stated above. In an ion trap, the q of interest is deter-
mined by the resonance ejection waveform. In an ion trap
operated in the conventional linear scanning mode, the secu-
lar frequency of a light ion approaches the resonant ejection
frequency at a different rate than for a heavy ion. In an
exponential scanning mode, as disclosed herein, all ions
approach the resonant ejection frequency at the same rate.
This desirable property eliminates one major source of mass-
dependent variation in the peak shape. Further refinements to
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the operation of the ion trap may be necessary to eliminate
other sources of mass-dependent peak shape variation.

Accordingly, super-resolution, i.e., resolution of two
masses whose mass spacing is significantly less than the
FWHM of a peak, can be accomplished in the present appli-
cation based upon deconvolution using an accurately speci-
fied peak shape model, which is mass-invariant. In addition to
being applied to techniques described in U.S. Ser. No. 12/716,
138 (e.g., via Qstream™), the present methodologies also
enable conventional quadrupole mass filters and quadrupole
ion traps to also benefit from an exponential scanning mode,
which endeavors to generate mass-invariant peak shapes in
the (exponential) time domain, where deconvolution and
transformation can produce super-resolved mass spectra.

The exponential scanning itself can be implemented with-
out changing the firmware. At that level, device settings are
defined in terms of mass. So, it is simple to modify the relation
between mass and time in the Digital Signal Processor (DSP)
from linear to exponential. As a beneficial arrangement, a bit
in the event flag can be introduced indicating that a given
segment is scanned exponentially rather than linear.

The RF (V) and DC (U) values are thus capable of being
ramped exponentially in time so that the corresponding q and
avalues for desired ions also increase at the exponential rate.
A user of a conventional quadrupole system in wanting to
provide selective scanning (e.g., unit mass resolving power)
of a particular desired mass often configures his or her system
with chosen a:q parameters and then scans at a predetermined
discrete rate, e.g., a scan rate at about 500 (AMU/sec) to
detect the signals.

However, while such a scan rate and even slower scan rates
can also be utilized herein to increase desired signal to noise
ratios, the present invention can also optionally increase the
scan velocity up to about 10,000 AMU/sec and even up to
about 100,000 AMU/sec as an upper limit because of the
wider stability transmission windows and thus the broader
range of ions that enable an increased quantitative sensitivity.
Benefits of increased scan velocities include decreased mea-
surement time frames, as well as operating the present inven-
tion in cooperation with survey scans, wherein the a:q points
can be selected to extract additional information from only
those regions (i.e., a target scan) where the signal exists so as
to also increase the overall speed of operation.

Turning back to the drawings, FIG. 2 shows a beneficial
example configuration of a triple stage mass spectrometer
system (e.g., a commercial Thermo Fisher Scientific TSQ), as
shown generally designated by the reference numeral 300
having a detector 366, e.g., a single conventional detector (a
Faraday Detector), and/or a time and spatial detector, e.g., an
arrayed detector (CID, arrayed photodetector, etc.). Such a
detector 366 is beneficially placed at the channel exit of the
quadrupole (e.g., Q3 of FIG. 2) to provide data that can be by
mathematical deconvolution, reconstructed into a rich mass
spectrum 368. The resulting time-dependent data resulting
from such an operation is converted into a mass spectrum by
applying deconvolution methods described herein that con-
vert the collection of recorded ion arrival times of a quadru-
pole or arrival times in addition to spatial positions at an exit
plane of the quadrupole, into a set of m/z values and relative
abundances.

The detector itself can be a conventional device (e.g., a
Faraday cage) to record the allowed ion information. By way
of such an arrangement, the time-dependent ion current col-
lected provides for a sample of the envelope at a given posi-
tion in the beam cross section as a function of the ramped
exponential voltages Importantly, because the envelope for a
given m/z value and ramp voltage is approximately the same
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as an envelope for a slightly different m/z value and a shifted
ramp voltage, the time-dependent ion currents collected for
two ions with slightly different m/z values are also related by
a time shift, corresponding to the shift in the applied expo-
nentially ramped RF and DC voltages. The appearance ofions
in the exit cross section of the quadrupole depends upon time
because the RF and DC fields depend upon time. In particular,
because the RF and DC fields are controlled by the user, and
therefore known, the time-series of ions collected can be
beneficially modeled using the solution of the well-known
Mathieu equation for an ion of arbitrary m/z.

However, while the utilization of a conventional time-de-
pendent detector can be utilized, it is to be appreciated that a
time dependent/spatial (e.g., an arrayed detector) can also be
utilized as there are in effect multiple positions at a predeter-
mined spatial plane at the exit aperture of a quadrupole as
correlated with time, each with different detail and signal
intensity. In such an arrangement, the applied DC voltage and
RF amplitude can be stepped synchronously with the RF
phaseto provide measurements of the ion images for arbitrary
field conditions. By changing the applied fields with either
detector arrangement, the present invention can obtain infor-
mation about the entire mass range of the sample.

As a side note, there are field components that can disturb
the initial ion density as a function of position in the cross
section at a configured quadrupole opening as well as the
ions’ initial velocity if left unchecked. For example, the field
termination at an instrument’s entrance, e.g., Q3’s, often
includes an axial field component that depends upon ion
injection. As ions enter, the RF phase at which they enter
effects the initial displacement of the entrance phase space, or
of'the ion’s initial conditions. Because the kinetic energy and
mass of the ion determines its velocity and therefore the time
the ion resides in the quadrupole, this resultant time deter-
mines the shift between the ion’s initial and exit RF phase.
Thus, a small change in the energy alters this relationship and
therefore the exit image as a function of overall RF phase.
Moreover, there is an axial component to the exit field that
also can perturb the image. While somewhat deleterious if left
unchecked, the present invention can be configured to miti-
gate such components by, for example, cooling the ions in a
multipole, e.g., a configured collision cell for Q2, as shown in
FIG. 2, and injecting them on axis or preferably slightly
off-center by phase modulating the ions within the device.
The direct measurement a reference signal rather than direct
solution of the Mathieu equation, allows one to account for a
variety of non-idealities in the field. The Mathieu equation
can in such a situation be used to convert a reference signal for
a known m/z value into a family of reference signals for a
range of m/z values. This technique provides the method with
tolerance to non-idealities in the applied field.

In returning to the mass spectrometer system of FIG. 2, it is
to be appreciated, as discussed above, that the exponential
ramping method of the present embodiments may also be
practiced in connection with other mass spectrometer sys-
tems and/or other systems having architectures and configu-
rations different from those depicted herein. To reiterate, the
quadrupole mass spectrometer system 300 shown in FIG. 2
differs from a conventional quadrupole mass-spectrometer in
that the present invention not only provides exponential
ramping of the applied RF and DC fields but also without a
DC voltage offset.

In further discussing FIG. 2, ions provided by source 352
are, as known to those skilled in the art, capable of being
directed via predetermined ion optics that often can include
tube lenses, skimmers, and multipoles, e.g., reference char-
acters 353 and 354, selected from radio-frequency RF qua-
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drupole and octopole ion guides, etc., so as to be urged
through a series of chambers of progressively reduced pres-
sure that operationally guide and focus such ions to provide
good transmission efficiencies. The various chambers com-
municate with corresponding ports 380 (represented as
arrows in the figure) that are coupled to a set of pumps (not
shown) to maintain the pressures at the desired values.

The example system 300 of FIG. 2 is also shown illustrated
as a triple stage configuration 364 having sections labeled Q1,
Q2 and Q3 electrically coupled to respective power supplies
371 and control instruments (not all shown) so as to perform
as a quadrupole ion guide, as also known to those of ordinary
skill in the art. It is to be noted that such pole structures of the
present invention can be operated either in the radio fre-
quency (RF)-only mode or an RF/DC mode but often, as
preferred herein, in an exponential RF ramped mode without
an applied linear DC offset. Depending upon the particular
applied RF and DC potentials, only ions of selected charge to
mass ratios are allowed to pass through such structures with
the remaining ions following unstable trajectories leading to
escape from the applied quadrupole field. As the ratio of DC
to RF voltage, but in proportion, increases, the transmission
band of ion masses narrows so as to provide for mass filter
operation, as known and as understood by those skilled in the
art.

In the preferred embodiments, desired ramped RF and DC
voltages are applied to predetermined opposing electrodes of
the quadrupole devices of the present invention, as shown in
FIG. 2 (e.g., Q3), in a manner to provide for a predetermined
stability transmission window (e.g., from about 1 Dalton up
to about 300 Daltons wide or greater) designed to enable a
larger transmission of ions to be directed through the instru-
ment, collected at the exit channel of the quadrupole (e.g.,
Q3) by the detector 366, and processed so as to determine
mass characteristics. As understood as a key aspect of the
novelty herein, the exponentially applied RF voltage and the
corresponding exponentially applied DC voltage are in con-
stant proportions to account for the time shifts of ions of
distinct species traversing the stability region (see FIG. 1).
While the exponentially applied RF and DC voltages of the
present application are preferably maintained in constant pro-
portion during the progression of ramping, it is equally to be
understood that the present embodiments can also operate
with the applied exponentially ramped RF and DC voltages
being applied in a manner that are not in constant proportion
during the progression of ramping. However, such an appli-
cation entails further difficulties in deconvolution of the
acquired data.

The operation of mass spectrometer 300 can be controlled
and data can be acquired by a controller and data system 369
of various circuitry of a known type, which may be imple-
mented as any one or a combination of general or special-
purpose processors (digital signal processor (DSP)), firm-
ware, software to provide instrument control and data
analysis for a single channel or arrayed detector 366 shown in
FIG. 2 but also for other mass spectrometers and/or related
instruments, and/or hardware circuitry configured to execute
a set of instructions that enable the control of such instrumen-
tation. Such processing of the data received from the detector
366 and associated instruments may also include averaging,
scan grouping, deconvolution, library searches, data storage,
and data reporting.

It is also to be appreciated that instructions to start prede-
termined slower or faster scans as disclosed herein, the iden-
tifying of a set of m/z values within the raw file from a
corresponding scan, the merging of data, the exporting/dis-
playing/outputting to a user of results, etc., may be executed
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via a data processing based system (e.g., a controller, a com-
puter, a personal computer, etc.), which includes hardware
and software logic for performing the aforementioned
instructions and control functions of the mass spectrometer
300.

In addition, such instruction and control functions, as
described above, can also be implemented by a mass spec-
trometer system 300, as shown in FIG. 2, as provided by a
machine-readable medium (e.g., a computer-readable
medium). A computer-readable medium, in accordance with
aspects of the present invention, refers to mediums known
and understood by those of ordinary skill in the art, which
have encoded information provided in a form that can be read
(i.e., scanned/sensed) by a machine/computer and interpreted
by the machine’s/computer’s hardware and/or software.

Thus, as mass spectral data of a given spectrum is received
by a beneficial detector 366 as directed by the quadrupole 364
configured in system 300, as shown in FIG. 2, the information
embedded in a computer program of the present invention can
beutilized, for example, to extract data from the mass spectral
data, which corresponds to a selected set of mass-to-charge
ratios. In addition, the information embedded in a computer
program of the present invention can be utilized to carry out
methods for normalizing, shifting data, or extracting
unwanted data from a raw file in a manner that is understood
and desired by those of ordinary skill in the art.

Turning back to the example mass spectrometer 300 sys-
tem of FIG. 2, a sample containing one or more analytes of
interest can be ionized via an ion source 352 operating at or
near atmospheric pressure or at a pressure as defined by the
system requirements. The ion source 352 in particular can
include, an Electron lonization (EI) source, a Chemical lon-
ization (CI) source, a Matrix-Assisted Laser Desorption lon-
ization (MALDI) source, an Electrospray Ionization (ESI)
source, an Atmospheric Pressure Chemical Ionization
(APCI) source, a Nanoelectrospray lonization (NanoESI)
source, and an Atmospheric Pressure Ionization (API), etc.

Depending upon the particular exponentially applied RF
and DC potentials (and at a constant RF/DC ratio) to the
quadrupole (e.g., Q3), only ions of selected mass to charge
(m/z) ratios are allowed to pass with the remaining ions
following unstable trajectories leading to escape from the
applied multipole field. Accordingly, the exponentially
applied RF and DC voltages to predetermined opposing elec-
trodes of the multipole devices of the present invention, as
shown in FIG. 2 (e.g., Q3), can be applied in a manner to
provide for a predetermined stability transmission window
designed to enable a larger transmission of ions to be directed
through the instrument, collected at the exit aperture and
processed so as to determined mass characteristics.

An example quadrupole, e.g., Q3 of FIG. 2, can thus be
configured along with the collaborative components of a sys-
tem 300 to provide a mass resolving power of potentially up
to about 1 million with a quantitative increase of sensitivity of
up to about 200 times as opposed to when utilizing typical
quadrupole scanning techniques. In particular, the exponen-
tially applied RF and DC voltages can be scanned over time to
interrogate stability transmission windows over predeter-
mined m/z values (e.g., 300 AMU). Thereafter, the ions hav-
ing a stable trajectory reach a detector 366 capable of time
resolution on the order of 10 RF cycles.

Analysis of “Linear Scanning” (RF Linear Versus Time, DC
Affine Versus Time)

Consider the most general case of linear scanning given by

Equations 1 and 2:

U(t)=c,t+U,, (D

V(H)=cot. @)
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As shown by Equations 1 and 2 above, the RF amplitude
V(1) is linear in time, but the present embodiments allow a
constant offset in U(t), making U(t) affine rather than strictly
linear. The offset U, is required for constant peak-width
operation as shown below.

Consider a particular ion with mass m and charge z=1. We
choose 7z=1 without loss of generality to simplify our equa-
tions below. Then, the Mathieu parameters for this ion as a
function of time are

4v()  kV(@D)  kept 3)
g= o ==

wergm m m

8UW  2kU@  2k(cir+U,) )
a([) = = = =

wArgm m m

where k is a constant given by:
4 5)

k= .
w2rg

For ¢1>0 and ¢2>0, the ion’s position in the stability dia-
gram (see FIG. 1 as a reference) at time 0 is (0.2 kU,/m) and
moves diagonally upward and to the right in a straight line
with slope c1/c2 at a constant rate.

The goal is to determine the interval of time during which
the chosen ion is stable. This leads to a set of mass calibration
equations that allows one to interpret the time interval in
terms of a peak width in units of mass. In particular, it is
desirable to understand the effect of different values of ¢, c,,
and U,

First, to simplify the analysis, one considers the stability
region only in the neighborhood of its apex, which is denoted
by (q*,a*). In a small neighborhood, the boundaries of the
stability region can be approximated as the intersection of two
straight lines a, and aj that intersect at (q*,a*), as shown by
equations 6 and 7 below:

ag=a*+s;(q4-q*)

Q)
M

where s; and s, denote the slopes of the left and right bound-
ary lines respectively. The approximate values for s; and sy
are 0.61 and —1.17 respectively.

The ion enters the stability diagram when the ion’s trajec-
tory intersects the left boundary line and exits when it inter-
sects the right boundary line. The entrance time, for example,
is determined by plugging the expression for a(t) from right-
hand side of Equation 4 for al in the left-hand side of Equa-
tion 6 and plugging the expression for q(t) from right-hand
side of Equation 3 for q in the right-hand side of Equation 7.
One replaces t by t; in Equation 8 below to denote that the
value of't that solves this equation represents the time when
the ion crosses the left boundary:

ap=a*+sp(g-q")

k(e +U,) B B (8)
———— =a" +splcan —g°).
m
Solving for t;, results in:
a —siq 20, )

L= k2er —szen)"” 2oy —szen)”



US 9,337,009 B2

15

The entrance time depends linearly upon mass with a scal-
ing factor relating time and mass that depends upon the scan
rates ¢, and c,, the constant k that depends upon the RF field,
and geometric constants that describe the stability region. A
similar equation (not shown) gives the exit time and is
obtained by replacing S; with S,.

Suppose the ion of mass m and charge 1 is analyzed by the
quadrupole mass spectrometer with RF and DC scanned as
defined by Equations 1 and 2. Then, in theory, ions of that type
will reach the detector during the time interval (1, tz) and a
peak will be observed spanning that interval in the acquired
data.

The time-centroid of the peak, denoted by tc, or more
precisely, the midpoint between the entrance and exit times, is
given by Equation 10:

1 10
L= z([L“'[R)- a0

The peak width, denoted by Dt, or more precisely, the time
difference between the entrance and exit times, is given by:

an

The expressions for the time-centroid and peak width can
be derived by plugging in the right-hand side of Equation 9 for
t, and the analogous expression for t; where these variables
appear in the right-hand side of Equations 10 and 11 respec-
tively. The expressions are complicated and do not provide
much insight. However, there are three special cases to con-
sider that do provide insight.

Case 1: Infinite Resolution

The ratio a(t)/q(t) is the slope of the operating line. In this
case, one chooses the slope so that the operating line passes
through the apex of the stability diagram (q*,a*). Then set
U,=0, so that the operating line is the same for all ion masses,
the line passing through the origin and (q*,a*). When U,=0,
the ratio a/q is constant and equal to 2c1/c2. One denotes the
ratio 2¢1/c2 by s in the following derivations:

R

B 2¢y

2U() _al)

v T q@

(12

2

Let s* denote the ratio of the apex coordinates a*/q*. To
place the operating line at the apex of the stability region, we
choose s equal to s*.

In this case, the expression for the entrance time, given in
general, in Equation 9, simplifies considerably. The second
term in the right-hand side of Equation 9 is zero because
Uy=0. Setting 2c1=s*c2 produces the penultimate expres-
sion, which is further simplified by replacing s* with a*/q*,
multiplying top and bottom by q* and cancelling the common
factor of a*-s,q*:

B a* —s1q* e a* —s.g* e im (13)
T kQey —spea)  keals  —sp) kes

I,

By similar algebraic manipulations, tz=t;, and so,
t-=t;=t5. Replacing t; with t. in Equation 13 and solving for
t- gives a mass calibration equation, as shown by Equation
14:
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14

When one operates with the scan line passing through the
origin and the apex of the stability region, one has a linear
relationship between time and mass. The scale factor depends
upon k (quadrupole rod radius and frequency), c2 (scan rate),
and q* (determined by the stability region).

Also, because t;=t, the peak width Dt=0. In theory, one
can have infinite resolution and also zero transmission. In
fact, because the quadrupole is non-ideal, one has instead,
finite resolution and non-zero transmission. Even so, the
theoretical case of infinite resolution serves as a base case to
compare the operating modes of constant peak-width and
constant resolving power.

Case 2: Constant Peak Width

The typical mode of operation of a quadrupole mass filter
is constant peak width mode. To produce constant peak width,
one sets s=s* and U, to a non-zero constant. When U, is
non-zero, the slope of the operating line changes as a function
of time.

1s)

a(® 2U() B 2cir+ Uy) B Zﬂ

a() , 2o
g~ VO

cot c2 et

The slope would be infinite at t=0, but the operating line is
undefined for t=0. As t increases, the slope gradually
decreases and converges to a/q=s*, the apex of the stability
region.

Now, consider an ion of mass m and charge 1, as before.
The time at which t enters the stability region is given by
Equation 16, formed by setting 2c1=s*c2 (i.e., s=s*) in Equa-
tion 9:

a* —spq" 20, (16)
= k(s —SL)m - key(s* —sp)
q Wog" . 2U.q"
kczm keala* —s1g*) kea oL

where t* denotes the time that mass m crosses the stability
region in the infinite resolution case:

.4 (17
—m

and o is a constant that depends only on the geometry of the
stability region:

1 (18)

There is also an analogous expression for t;. Then, t., the
time centroid of the peak is given by:

Usq* (19
T (oL + ag),

c=1"-
¢ ke

where o is a geometric constant analogous to o;.
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If'we apply the calibration relation given by Equation 14 to
convert t to mass, one has:

m,=m-U,(0;+05) (20)

We recognize that selecting a non-zero value for UO
induces a mass shift, relative to the infinite resolution case
where Uy=0. The mass shift is linear in U, and independent of
m. The constant of proportionality for the mass shift depends
only upon the geometric constants. The peak width is given
by:

Am=2U, (0g-0). (21

To operate the system with a given constant peak width
Dm, one chooses the required value for U, given in Equation
22:

Am

(22)
Up= —
2ar —a1)

Then, one calibrates out the mass shift introduced using
Equation 20. Note that this constant peak-width mode, ironi-
cally, does not produce shift-invariant peaks. While it is true
that the peaks have the same width, the ions traverse different
(non-linear) paths through the stability diagram. As a result,
the fine structure of the peak profiles does not align.

Case 3: Constant Resolving Power

To achieve constant resolving power, we set U0 back to
zero, but choose s<s*, recalling that s is defined as 2¢1/c2. In
this case, the operating line does not change with time, but lies
below the vertex of the stability diagram.

Let Ds denote the difference s*-s. Then, Equation 9
becomes:

@ —siq" 23

= keo(s* —AS—SL)m =

a —siq*

= kep(s — SL)m

g —s.9")
kealla* —s1g*) — As]

_g'm 1
.

Because Ds<<a*-s,q*, the right-hand side of Equation 23
can be approximated by a first-order Taylor series:

g'm As _g'm 24
Iy~ e (1 + pra qu*) = (1 +Asay).
The time-centroid of the peak is given by:
* A 25
tc~% 1+75(0zL+0zR)]. @)
If we calibrate as before (Equation 14), we have:
(26)

As
me~m|l + 7(0@ +0zR)].

In this case, we see that the mass shift is linear in mass. The
resulting peak width is also linear in mass, as shown by
Equation 27:

Am~mAs(cy—0g) 27
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If we define the mass resolving power R as m/Dm, then one
has:

m 1 (28)

R=—~——.
Am  As(ap —ag)

We choose Ds to achieve the desired resolving power as
shown in Equation 28.

o 1 29)
Rl —ar)’

This demonstrates that using a constant operating line
(U,=0) whose slope s is less than s* produces a mass spec-
trum with constant mass resolving power.

After we choose Ds, we derive the mass calibration relation
by solving for m in Equation 25.

ke (30)

m~ ic

As
g+ (e +wR)]

In this constant resolving power case, the peaks have dif-
ferent widths, but ions traverse the same path through the
stability diagram. As a result, the peaks are related by simple
horizontal scaling or dilation. For example, a peak produced
by anion of mass m can be superimposed onto a peak for mass
2 m by scaling the former by a factor of two.

The advantage of operating in the constant resolution mode
is that the peaks are superimposable. The present application
requires, more strictly, that the peaks are superimposable by a
time-shift, rather than a dilations. Fortunately, this can be
accomplished by changing the time dependence of the RF and
DC from linear to exponential, as disclosed herein.
Discussion of the Deconvolution Process

The deconvolution process is a numerical transformation
of'the data acquired from a specific mass spectrometric ana-
lyzer (e.g., a quadrupole) and a detector. All mass spectrom-
etry methods deliver a list of masses and the intensities of
those masses. What distinguish one method from another are
how it is accomplished and the characteristics of the mass-
intensity lists that are produced. Specifically, the analyzer that
discriminates between masses is always limited in mass
resolving power and that mass resolving power establishes
the specificity and accuracy in both the masses and intensities
that are reported. The term abundance sensitivity (i.e., quan-
titative sensitivity) is used herein to describe the ability of an
analyzer to measure intensity in the proximity of an interfer-
ing species. Thus, the present invention utilizes a deconvolu-
tion process to essentially extract signal intensity in the prox-
imity of such an interfering signal.

The instrument response to a mono-isotopic species can be
described as a stacked series of two dimensional images, and
that these images appear in sets that may be, but not neces-
sarily if using a conventional detector, grouped into a three
dimensional data packet described herein as voxels. Each
data point is in fact a short series of images. Although there is
the potential to use the pixel-to-pixel proximity of the data
within the voxels, the data can be treated as two-dimensional,
with one dimension being the mass axis and the other a vector
constructed from a flattened series of images describing the
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instrument response at a particular mass. This instrument
response has a finite extent and is zero elsewhere. This extent
is known as the peak width and is represented in Atomic Mass
Units (AMU). In a typical quadrupole mass spectrometer this
is set to one and the instrument response itself is used as the
definition of the mass spectrometer’s mass resolving power
and specificity. Within the instrument response, however,
there is additional information and the real mass resolving
power limit is much higher, albeit with additional constraints
related to the amount of statistical variance inherent in the
acquisition of weak ion signals.

Although the instrument response is not completely uni-
form across the entire mass range of the system, it is constant
within any locality. Therefore, there are one or more model
instrument response vectors that can describe the system’s
response across the entire mass range. Acquired data com-
prises convolved instrument responses. The mathematical
process of the present invention thus deconvolves the
acquired data (i.e., time series and/or time/spatial images) to
produce an accurate list of observed mass positions and inten-
sities.

Accordingly, the deconvolution process of the present
invention is beneficially applied to data acquired from a mass
analyzer that often comprises a quadrupole device, which, as
known to those of ordinary skill in the art, has a low ion
density. Because of the low ion density, the resultant ion-ion
interactions are negligibly small in the device, effectively
enabling each ion trajectory to be essentially independent.
Moreover, because the ion current in an operating quadrupole
is linear, the signal that results from a mixture of ions passing
through the quadrupole is essentially equal to (N) overlapping
sum of the signals produced by each ion passing through the
quadrupole as received onto, for example, a single detector or
arrayed detector.

The present invention capitalizes on the above-described
overlapping effect via a model of detected data as the linear
combination of the known signals that can be subdivided into
sequential stages:

1) to produce a mass spectrum, intensity estimation under
the constraint that the N signals are superimposed by
unit time shifts; and

2) selection of a subset of the above signals with intensities
significantly distinguishable from zero and subsequent
refinement of their intensities to produce a mass list.

Accordingly, the following is a discussion of the deconvo-
Iution process of the one or more captured images resulting
from a configured quadrupole, as performed by, for example,
a coupled computer. To start, let a data vector X=(X, X, . ..
X ;) denote a collection of ] observed values. Lety, denote the
vector of values of the independent variables corresponding
to measurement X;. For example, the independent variables in
this application position in the exit cross section and time; so
y,isa vector of three values that describe the conditions under
which X can be measured.

Theoretical Estimation of Optimal Intensities Scaling N
Known Signals

In the general case for deconvoluting a linear superposition
of N known signals: suppose one has N known signals U,
U,, .. . Uy, where each signal is a vector of J components.
There is a one-to-one correspondence between the J compo-
nents of the data vector and the J components of each signal
vector. For example, consider the nth signal vector U, =(U,,;,
U, - - . Unp: U, represents the value of the nth signal if it
were “measured” aty,.

One can form a model vector S by choosing a set of inten-
sities [, L, . . . I, scaling each signal vector U, U,, ... Uy,
and adding them together as indicated by Equation 31.
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N 3D
SUL By oo )= Y LU,
n=1

The model vector S has J components, just like each signal
vector Uy, U,, ... Uy, that are in one-to-one correspondence
with the components of data vector X.

Let e denote the “error” in the approximation of X by S and
then find a collection of values I, L, . . . I, that minimizes e.
The choice of e is somewhat arbitrary. As disclosed herein,
one defines e as the sum of the squared differences between
the components of data vector X and the components of
model vector S, as shown in Equation 32.

J (32)
eIy, b, ... Iy)= Z(Sj(lla Ly . Iy - X;)P
=

The notation explicitly shows the dependence of the model
and the error in the model upon the N chosen intensity values.

One simplifies Equation 32 by defining an intensity vector
1 (Equation 33), defining a difference vector A (Equation 34),
and using an inner product operator (Equation 35).

I=U, L, ... Iy) (33)
Al by o I =SULL b, . Iy) - X (34

J (35)
=)

a-b:Zajbj

S

In Equation 35, a and b are both assumed to be vectors of J
components.

Using Equations 33-35, Equation 32 can be rewritten as
shown in Equation 6.

e()=AI)Ad)
Let I* denote the optimal value of I, i.e., the vector of inten-
sities [*=(I1,*, 1,*, . .. I,*) that minimizes e. Then, the first
derivative of e with respect to I evaluated at I* is zero, as
indicated by Equation 37.

(36)

de . a7
500 =0

Equation 37 is shorthand for N equations, one for each inten-
sity I, I, . .. Iy

One can use the chain-rule to evaluate the right-hand side
of Equation 6: wherein the error e is a function of the differ-
ence vector A; A is a function of the model vector S; and S is
a function of the intensity vector I, which contains the inten-
sities [,, I, .. . L.

One then considers the derivative of e with respect to one of
the intensities 1, evaluated at (unknown) [*, where m is an
arbitrary index in [1 ... N].

9¢ 1y 2 amy-au =298 pyage 38
m( )—m( DAy = m( )-AI)
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-continued
8A B a5 (39)
m(l )= m(s(l)—X)II:I* = m(l )
95 9 (& 40)
3= E[Z Imun] =Un
n=1 I
Now, one can use Equations 39-40 to replace
oA
m( )
in the right-hand side of Equation 38.
%€ (1) = 20, - AT @D
m( ) =2Up-A(IY)

Then, one can use Equation 4 to replace A (I*) in the right-
hand side of Equation 11.

OF M)y =2U,-(SU"-X “2)
ST =20, (507 - )

Setting the right-hand side of Equation 42 to zero, as specified
by the optimization criterion stated in Equation 37, results in
Equation 43.

U, SI*)=U,X (43)

Now, one can use Equation 1 to replace S(I*) in the left-hand
side of Equation 43.

44

N
Um-[ZI;Un]:Um-X
n=1

Note that Equation 14 relates the unknown intensities
{1*} to the known data vector X and the known signals {U}.
All that remains are algebraic rearrangements that leads to an
expression for the values of {I *}.

One uses the linearity of the inner product to rewrite the
inner product of a sum that appears on the left-hand side of
Equation 44 as a sum of inner products.

N (45)
D UnU) = Up - X

n=1

The left-hand side of Equation 45 can be written as the prod-
uct of a row vector and a column vector as shown in Equation
46.

I 46)

N I
2
ZI;(Um-Un)z[Um-Ul Un-Us ... Up-Uy ]

n=1
"
IN
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One defines the row vector A, (Equation 47) and the scalar
a,, (Equation 48). Both quantities depend upon index m

A,=[U, U U, U,... U, Uy (47)

a,=U, X (48)

Using Equations 46-48, one can rewrite Equation 45 com-
pactly.
A, I%=a,,

Equation 49 hold foreachm in [1 ... N]. We can write all N
equations (in the form of Equation 45) in a column of N
components.

(49)

Al
Az

a (50)

az
I =

Ay ay

The column vector on the left-hand side of Equation 50
contains N row vectors, each of size N. This column of rows
represents an NxN matrix that we will denote by A. One
forms the matrix A by substituting 1 for m in Equation 47 and
replacing A, in the first row of the column vector on the
left-hand side of Equation 20. This process is repeated for
indices 2 . . . N, thereby constructing an NxN matrix, whose
entries are given by Equation 51.

J (€28
A = Up-Up = )" UpiUsj
=

As indicated by Equation 21, the matrix entry at row m,
column n of matrix A is the inner product of the mth signal and
the nth signal. One denotes the column vector on the right
hand side of Equation 50 by a.

To summarize, the N equations are encapsulated as a single
matrix equation:

Al=a (52)

where the components of vector a that appears in the right-
hand side of Equation 52 are defined by Equation 48.

In the trivial case, where none of the signals overlap, i.e.,
A, =0 whenever m # n, A is a diagonal matrix. In this case,
the solution of the optimal intensities are given by [ *=a,/
A, foreachnin[1 ... N]. Another special case is when the
signals can be partitioned into K clusters such that A, =0
whenever m and n belong to distinct clusters. In that case, A
is a block-diagonal matrix; the resulting matrix equation can
be partitioned into K (sub) matrix equations, one for each
cluster (or submatrix block). The block-diagonal case is still
O(N?), but involves fewer computations than the general
case.

In general, solving an equation of the form of Equation 22
has O(N?) complexity. That is, the number of calculations
required to determine the N unknown intensities scales with
the cube of the number of unknown intensities.

1) Special Case: The N Signals are Superimposable by Unit
Time Shifts

In this section, some additional constraints are imposed on
the problem so as to provide a dramatic reduction in the
complexity of solving the general case of (Equation 52).
Constraint 1: any pair of signals U, and U, can be superim-
posed by a time-shift.
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Constraint 2: the time shift between adjacent signals U, and
U, isthesameforallnin[1...N-1].

An equivalent statement of constraint (1) is that all signals
can be represented by a time-shift of a canonical signal U.
This constraint is applicable to the high-mass resolving power
quadrupole problem. The second constraint leads to an easily
determined solution for detecting signals and providing ini-
tial estimates of their positions, despite significant overlap
between the signals. These two constraints reduce the solu-
tion of Equation 52 from an O(N®) problem to an O(N?)
problem, as disclosed herein below.

Constraint (1) above can be represented symbolically by
Equation 53.

Unva]=U[vig+n-m]

where v is a set of indices representing the values of all
independent variables except time (i.e., in this case, position
in the exit cross section and initial RF phase) and q is a time
index. Because the signals are related by time shifts, it
becomes necessary to distinguish between time and the other
independent variables affecting the observations.

For Equation 53 to be well-defined, the collection of mea-
surements taken at any time point m must involve the same
collection of values of v as at any other time point n. Taking
this property into account, the definition of the inner product
(Equation 35) is rewritten in terms of time values and the
other independent variables.

(3)

v 54
> alv. glblv, q]

v=1

NS

a-b=

G

where the total number of measurements J=QV, q is the time
index, and v is the index for remaining values (i.e., the finite
number of combinations of the values of the other indepen-
dent variables are enumerated by a one dimensional index v).

In addition, because both U,, and U,, must be defined on the
entire interval [1 . . . NJ, both signals must also be defined
outside [1 ... N]. A time shift of the interval [1 . . . N], or any
other finite interval, would not be contained within the same
interval. Therefore, all signals must be defined for all integer
time points; presumably, outside some support region of finite
extent, the signal value is defined to be zero.

The special property imposed by the constraints is revealed
by considering the matrix entry A, 4¢,.1)- The short deriva-
tion below shows that one can write A, z¢,..4) 10 terms of
A,,... plus a term that, in many cases, are negligibly small.

Aoty = Uk - Unai (55)

e
M<

Ui [v, @lUps[v, q]

EY
1l

=

I

Unlv, g =k1Unlv. g K]

e
M<

EY
1l

=

I

P
L

M<

Unlv, qlUylv, g]

EY
1l
|
~
=
I

M<

Unlv, qlUxlv, gl +

EY
~
=
I
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-continued

Q Vv
D2 Unlvs qlUnlv, g1 -

In Equation 55 above, the expression to the right of the first
equals sign follows from the definition of the matrix entry
(Equation 52); the next expression follows from the new inner
product definition where time is distinguished from the other
independent variables, (Equation 54); the next expression
follows by applying the time-shift equation (Equation 53) to
each factor in order to write them in terms of U, and U,
respectively. The expression on the second line of Equation
55 involves replacing the summation index q by gq+k. The
expression on the third line of Equation 55 is the result of
breaking the summation over the time index into three parts:
the values of q less than 1, the values of q from 1 to Q, and then
subtracting the extra terms from Q-k+1 to Q. The second of
these three sums is A, and this quantity is relabeled and
pulled out front in the final expression.

To equateentry A, 1y, With A for arbitrary values of
k, one considers the term that appears in parentheses in the
final expression in Equation 55 to be an error term. The error
term comprises two terms referred to as “left” and “right”.
The “left” term is zero when either signal, U,,,, or U, , ., has
decreased to zero before reaching the left edge of the time
window where data had been collected; similarly, the “right”
term is zero when either signal has decreased to zero before
reaching the right edge of the data window.

Matrix A can be constructed by specifying the 2N-1 dis-
tinct values, placing the first N values in the first column of the
matrix, in inverted order, i.e. from bottom to top, and then
filling the remaining N-1 entries of the first row from left to
right. The rest of the matrix is filled by filling each of the 2N-1
bands parallel to the main diagonal by copying the value from
the left or upper edge of the matrix downward to the right until
reaching the bottom or left edge respectively.

2) Estimation of the Number of Signals Present and their
Positions

Finally, one considers how to use the initial estimates that
result from solving the system. One does not expect that the
data is, in fact, the realization of N evenly spaced signals.
Rather, it is expected that the data is the realization of a
relatively small number of signals (e.g. k<<N) that lie at
arbitrary values of time. In this context, one expects that the
majority of the N intensities results in zero. Estimated values
that differ from zero may indicate the presence of a signal, but
may also result from noise in the data, errors in the positions
of'the signals that are present, errors in the signal model, and
truncation effects.

A threshold is applied to the intensity values, retaining only
k signals, corresponding to distinct ion species that exceed a
threshold and setting the remaining intensities to zero. The
thresholded model approximates the data as the superposition
of'k signals. As a beneficial result for application purposes of
the present invention, the solution of the system produces a
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set of intensity values that lead to the identification of the
number of signals present (k) and the approximate positions
of these k signals.

General Discussion of the Data Processing

The present invention is thus designed to express an
observed signal as a linear combination of a time shifted
reference signal or a plurality of constructed time-shifted
signals. In the first case, the observed “signal” is the time
series of acquired images of ions exiting the quadrupole. The
time shifted reference signal or signals is the contribution or
contributions to the observed signal from ions with different
nm/z values. The coefficients in the linear combination corre-
spond to a mass spectrum.

Reference Signal and/or Signals:

To construct the mass spectrum for the present invention, it
is beneficial to specify, for each m/z value, the signal, the time
series of ion images that can be produced by a single species
of'ions with that m/z value. The approach herein is to measure
a single reference signal by observing a test sample (e.g.,
Mass 508), offline as a calibration step.

At a given time, the observed exit ions depend upon three
parameters—a and q and also the RF phase of the ions as they
enter the quadrupole. The exit ions also depend upon the
distribution of ion velocities and radial displacements, with
this distribution being assumed to be invariant with time,
except for intensity scaling.

While a family of reference signals can be constructed in
terms of the measured reference signal but of which has some
difficulties, a preferred method of the present application uses
a single time-shifted reference signal based on integer mul-
tiples of the RF cycle. If a family of time-shifted reference
signals (e.g., as constructed from the measured reference
signal) are to be utilized, it is to compensate for non-idealities
in the quadrupole field, as discussed above, or inability to
deliver ions with mass-independent initial conditions to the
entrance field of a configured quadrupole. In any event, a
single time-shifted or plurality of family of time-shifted ref-
erence signals enables approximations of the expected sig-
nals for various ion species. It is also to be noted that the m/z
spacing corresponding to an RF cycle is determined by the
exponential scan rate of the present application.

To understand why the time-shift approximation works
and to explore its limitations, consider the case of two pulses
centered at t; and t, respectively and with widths of d, and d,
respectively, where t,=kt,, d,=kt,, and t,>>d,. Further,
assume that k is approximately 1. The second pulse can be
produced from the first pulse exactly by a dilation of the time
axis by factor k. However, applying a time shift of't,-t, to the
first pulse would produce a pulse centered at t, with a width of
d,, which is approximately equal to d, when k is approxi-
mately one. For low to moderate stability limits (e.g. 10 Daor
less), the ion signals are like the pulse signals above, narrow
and centered many peak widths from time zero.

Because the ion images are modulated by a fixed RF cycle,
the constructed and/or measured reference signal(s) cannot
be related to the signal from arbitrary m/z value by a time
shift; rather, it can only be related to signals by time shifts that
are integer multiples of the RF period. That is, the RF phase
aligns only at integer multiples of the RF period.

Matrix Equation:

The construction of a mass spectrum via the present inven-
tion is conceptually the same as in Fourier Transform Mass
Spectrometry (FITMS). In FTMS as utilized herein, the
sample values of the mass spectrum are the components of a
vector that solves a linear matrix equation: Ax=b, as dis-
cussed in detail above. Matrix A is formed by the set of
overlap sums between pairs of reference signals. Vector b is
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formed by the set of overlap sums between each reference
signal and the observed signal. Vector x contains the set of
(estimated) relative abundances.

Matrix Equation Solution:

In FTMS, matrix A is the identity matrix, leaving x=b,
where b is the Fourier transform of the signal. The Fourier
transform is simply the collection of overlap sums with sinu-
soids of varying frequencies.

Computational Complexity:

Let N be denote the number of time samples or RF cycles
in the acquisition. In general, the solution of Ax=b has O(N*)
complexity, the computation of A is O(N?) and the computa-
tion of b is O(N?). Therefore, the computation of x for the
general deconvolution problem is O(N?). In FTMS, A is con-
stant, the computation of'b is O(NlogN) using the Fast Fourier
Transform. Because Ax=b has a trivial solution, the compu-
tation is O(NlogN). In the present invention, the computation
of A is O(N?) because only 2N-1 unique values need to be
calculated, the computation of B is O(N?), and the solution of
Ax=b is O(N?). Therefore, the computation of x—the mass
spectrum—is O(N?).

The reduced complexity, from O(N>) to O(N?) is beneficial
for constructing a mass spectrum in real-time. The computa-
tions are highly parallelizable and can be implemented on an
imbedded GPU.

Further Performance Analysis Discussion

The key metrics for assessing the performance of a mass
spectrometer are sensitivity, mass resolving power (MRP),
and the scanrate. As previously stated, sensitivity refers to the
lowest abundance at which an ion species can be detected in
the proximity of an interfering species. MRP is defined as the
ratio M/AM, where M is the m/z value analyzed and AM is
usually defined as the full width of the peak in m/z units,
measured at full-width half-maximum (i.e., FWHM). An
alternative definition for AM is the smallest separation in m/z
for which two ions can be identified as distinct. This alterna-
tive definition is most useful to the end user, but often difficult
to determine.

In the present invention, the user can control the scan rate
and the desired exponentially applied DC/RF amplitude ratio.
By varying these two parameters, users can trade-oft scan
rate, sensitivity, and MRP, as described below. The perfor-
mance of the present invention is also enhanced when the
entrance beam is focused, providing greater discrimination.

Scan Rate:

Scan rate is typically expressed in terms of mass per unit
time, but this is only approximately correct. As U and V are
exponentially ramped, increasing m/z values are swept
through the point (q*,a*) lying on the operating line, as shown
above in FIG. 1. When U and V are ramped linearly in time,
the value of m/z seen at the point (q*,a*) changes linearly in
time, and so the constant rate of change can be referred to as
the scan rate in units of Da/s. However, each point on the
operating line has a different scan rate. When the mass sta-
bility limit is relatively narrow, m/z values sweep through all
stable points in the operating line at roughly the same rate.

Sensitivity:

Fundamentally, the sensitivity of a quadrupole mass spec-
trometer is governed by the number of ions reaching the
detector. When the quadrupole is scanned, the number of'ions
of'a given species that reach the detector is determined by the
product of the source brightness, the average transmission
efficiency and the transmission duration of that ion species.
The sensitivity can be improved, as discussed above, by
increasing the stability limits away from the tip of the stability
diagram. The average transmission efficiency thus increases
because the ion spends more of its time in the interior of the
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stability region, away from the edges where the transmission
efficiency is poor. Because the mass stability limits are wider,
it takes longer for each ion to sweep through the stability
region, increasing the duration of time (i.e., the dwell time, as
stated above) that the ion passes through to the detector for
collection.

Duty Cycle:

When acquiring a full spectrum, at any instant, only a
fraction of the ions created in the source are reaching the
detector; the rest are hitting the rods. The fraction of trans-
mitted ions, for a given m/z value, is called the duty cycle.
Duty cycle is a measure of efficiency of the mass spectrometer
in capturing the limited source brightness. When the duty
cycle is improved, the same level of sensitivity can be
achieved in a shorter time, i.e. higher scan rate, thereby
improving sample throughput. In a conventional system as
well as the present invention, the duty cycle is the ratio of the
mass stability range to the total mass range present in the
sample.

By way of a non-limiting example to illustrate an improved
duty cycle by use of the methods herein, a user of the present
invention can, instead of 1 Da (typical of a conventional
system), choose stability limits (i.e., a stability transmission
window) of 10 Da (as provided herein) so as to improve the
duty cycle by a factor of 10. A source brightness of 10°/s is
also configured for purposes of illustration with a mass dis-
tribution roughly uniform from 0 to 1000, so that a 10 Da
window represents 1% of the ions. Therefore, the duty cycle
improves from 0.1% to 1%. If the average ion transmission
efficiency improves from 25% to nearly 100%, then the ion
intensity averaged over a full scan increases 40-fold from
10%/s%107°%0.25=2.5%10° to 10°/s*107>*1=107s.

Therefore, suppose a user of the present invention desires
to record 10 ions of an analyte in full-scan mode, wherein the
analyte has an abundance of 1 ppm in a sample and the analyte
is enriched by a factor of 100 using, for example, chromatog-
raphy (e.g., 30-second wide elution profiles in a 50-minute
gradient). The intensity of analyte ions in a conventional
system using the numbers above is 2.5%10°*1075*10*=250/s.
So the required acquisition time in this example is about 40
ms. In the present invention, the ion intensity is about 40 times
greater when using an example 10 Da transmission window,
so the required acquisition time in the system described
herein is at a remarkable scan rate of about 1 ms.

Accordingly, it is to be appreciated that the beneficial sen-
sitivity gain of the present invention as opposed to a conven-
tional system comes from pushing the operating line down-
ward (e.g., 300 AMU wide or greater) away from the tip of the
stability region, as discussed throughout above, and thus wid-
ening the stability limits. In practice, the operating line can be
configured to go down as far as possible to the extent that a
user can still resolve a time shift of one RF cycle. In this case,
there is no loss of mass resolving power; it achieves the
quantum limit Along those lines, the methods and instru-
ments of the present invention not only provides high sensi-
tivity, (i.e., an increased sensitivity 10 to 300 times greater
than a conventional quadrupole filter) but also simultaneously
provides for differentiation of mass deltas of 100 ppm (a mass
resolving power of 10 thousand) down to about 10 ppm (a
mass resolving power of 100 thousand) and for an unparal-
leled mass delta differentiation of 1 ppm (i.e., a mass resolv-
ing power of 1 million) if the devices disclosed herein are
operated under ideal conditions that include minimal drift of
all electronics.

As described above, the present invention can resolve time-
shifts along the operating line to the nearest RF cycle. This RF
cycle limit establishes the tradeoft between scan rate and
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MRP, but does not place an absolute limit on MRP and mass
precision. The scan rate can be decreased so that a time shift
of one RF cycle along the operating line corresponds to an
arbitrarily small mass difference.

For example, suppose that the RF frequency is at about 1
MHz. Then, one RF period is 1 us. For a scan rate of 10 kDa/s,
10 mDa of m/z range sweeps through a point on the operating
line. The ability to resolve a mass difference of 10 mDa
corresponds to a MRP of 100 k at m/z 1000. For a mass range
01 1000 Da, scanning at 10 kDa/s produces a mass spectrum
in 100 ms, corresponding to a 10 Hz repeat rate, excluding
interscan overhead. Similarly, the present invention can trade
off a factor of x in scan rate for a factor of x in MRP. Accord-
ingly, the present invention can be configured to operate at
100 k MRP at 10 Hz repeat rate, “slow” scans at 1M MRP at
1 Hz repeat rate, or “fast” scans at 10k MRP at 100 Hz repeat
rate. In practice, the range of achievable scan speeds may be
limited by other considerations such as sensitivity or elec-
tronic stability.

Exemplary Modes of Operation

As one embodiment, the present invention can be operated
in MS* “full scan” mode, in which an entire mass spectrum is
acquired, e.g., a mass range of 1000 Da or more. In such a
configuration, the scan rate can be reduced to enhance sensi-
tivity and mass resolving power (MRP) or increased to
improve throughput. Because the present invention provides
for high MRP at relatively high scan rates, it is possible that
scan rates are limited by the time required to collect enough
ions, despite the improvement in duty cycle provided by
present invention over conventional methods and instru-
ments.

As another embodiment, the present invention can also be
operated in a “selected ion mode” (SIM) in which one or more
selected ions are targeted for analysis. Conventionally, a SIM
mode, as stated previously, is performed by parking the qua-
drupole, i.e. holding U and V fixed. By contrast, the present
invention scans U and V rapidly over a narrow mass range,
and using wide enough stability limits so that transmission is
about 100%. In selected ion mode, sensitivity requirements
often dictate the length of the scan. In such a case, a very slow
scan rate over a small m/z range can be chosen to maximize
MRP. Alternatively, the ions can be scanned over a larger m/z
range, i.e. from one stability boundary to the other, to provide
a robust estimate of the position of the selected ion.

As also stated previously, hybrid modes of MS* operation
can be implemented in which a survey scan for detection
across the entire mass spectrum is followed by multiple target
scans to hone in on features of interest. Target scans can be
used to search for interfering species and/or improve quanti-
fication of selected species. Another possible use of the target
scan is elemental composition determination. For example,
the quadrupole of the present invention can target the “A1”
region, approximately one Dalton above the monoisotopic
ion species to characterize the isotopic distribution. For
example, with an MRP of 160 k at m/z 1000, it is possible to
resolve C-13 and N-15 peaks, separated by 6.3 mDa. The
abundances of these ions provide an estimate of the number of
carbons and nitrogens in the species. Similarly, the A2 isoto-
pic species can be probed, focusing on the C-13,, S-34 and
0-18 species.

In a triple quadrupole configuration, the detector used in
the present invention, as described above, can be placed at the
exit of Q3. The other two quadrupoles, Q1 and Q2, are oper-
ated in a conventional manner, i.e., as a precursor mass filter
and collision cell, respectively. To collect MS* spectra, Q1
and Q2 allow ions to pass through without mass filtering or
collision. To collect and analyze product ions, Q1 can be
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configured to select a narrow range of precursorions (i.e. 1 Da
wide mass range), with Q2 configured to fragment the ions,
and Q3 configured to analyze the product ions.

Q3 can also be used in full-scan mode to collect (full)
MS/MS spectra at 100 Hz with 10 k MRP at m/z 1000,
assuming that the source brightness is sufficient to achieve
acceptable sensitivity for 1 ms acquisition. Alternatively, Q3
can be used in SIM mode to analyze one or more selected
product ions, i.e., single reaction monitoring (SRM) or mul-
tiple reaction monitoring (MRM). Sensitivity can be
improved by focusing the quadrupole on selected ions, rather
than covering the whole mass range.

Non-Limiting Results

FIG. 3A shows values of the data captured from a 1 sec scan
from mass 50 to mass 1500 in an exponential scan of the RF
amplitude plotted as a function of mass. FIG. 3A thus shows
that the linear dependence between mass and the applied RF
amplitude is still retained in an exponential scan. FIG. 3B
beneficially shows the exponential time dependence of the RF
amplitude, (the circle markers indicate an interval of 50 ms
(1000 DSP ramp steps)), wherein the spacing between mass
samples grow exponentially in time.

It is to be understood that features described with regard to
the various embodiments herein may be mixed and matched
in any combination without departing from the spirit and
scope of the invention. Although different selected embodi-
ments have been illustrated and described in detail, it is to be
appreciated that they are exemplary, and that a variety of
substitutions and alterations are possible without departing
from the spirit and scope of the present invention.

The invention claimed is:

1. A mass spectrometer, comprising:

a quadrupole mass filter for mass selectively transmitting
ions from an entrance end to an exit end, the quadrupole
mass filter including:
four elongated electrodes arranged in parallel; and
apower supply, coupled to the electrodes, for applying a

resolving DC voltage of amplitude U and an RF volt-
age of amplitude V to the electrodes;

a detector, positioned to receive ions transmitted to the exit
end of the quadrupole mass filter, for sensing ions and
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responsively generating a signal representative of the
abundance of sensed ions; and

a Controller and Data System coupled to the detector and

comprising:

a Digital Signal Processor (DSP) coupled to the power

supply; and

machine-readable or computer-readable instructions,
wherein the machine-readable or computer-readable

instructions are configured to cause the DSP to cause the

power supply to temporally vary U and V during a scan

period such that U and V both increase exponentially

with time while the ratio of U to V is maintained con-

stant.

2. The mass spectrometer of claim 1, wherein the detector
is an arrayed detector configured to measure the spatial dis-
tribution of ions within a detection plane.

3. The mass spectrometer of claim 1, wherein the machine-
readable or computer-readable instructions are further con-
figured to cause the DSP to cause the power supply to tem-
porally vary U and V such that multiple ion species having a
range of mass-to-charge ratios within a transmission window
are transmitted to the exit end of the quadrupole mass filter at
a specific timepoint.

4. The mass spectrometer of claim 3, wherein the transmis-
sion window has a width of at least 10 Dalton (Da).

5. The mass spectrometer of claim 2, wherein the detector
is configured to acquire a time series of images, each image
representing the spatial distribution of ions at a specific time-
point.

6. The mass spectrometer of claim 5, further comprising a
data processing system programmed to deconvolve data
present in the images to generate a mass spectrum.

7. The mass spectrometer of claim 1, further comprising a
collision cell positioned upstream in an ion path of the qua-
drupole mass filter.

8. The mass spectrometer of claim 1, further comprising a
second quadrupole mass filter positioned upstream of the
collision cell in the ion path.
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